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(57) ABSTRACT

Provided is an organic light-emitting device including a first
electrode, a second electrode disposed opposite to the first
electrode, an emission layer disposed between the first elec-
trode and the second electrode, and an electron-transporting
layer disposed between the emission layer and the second
electrode. The electron-transporting layer includes a first
electron-transporting material and a second electron-trans-
porting material. The lowest unoccupied molecular orbital
(LUMO) energy level of the first electron-transporting mate-
rial (EL,) and the lowest unoccupied molecular orbital
(LUMO) energy level of the second electron-transporting
material (EL,) satisfy the equation 0.1 eV=|EL,-EL,I<0.3
eV.
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1
ORGANIC LIGHT-EMITTING DEVICE
USING A MIXTURE OF ELECTRON
TRANSPORTING COMPOUNDS

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority under 35 U.S.C.
§119 to Korean Patent Application No. 10-2013-0072707,
filed on Jun. 24, 2013, in the Korean Intellectual Property
Office, and entitled: “Organic Light-Emitting Device,” which
is incorporated by reference herein in its entirety.

BACKGROUND

1. Field

The present disclosure relates to an organic light-emitting
device.

2. Description of the Related Art

Organic light-emitting devices (OLEDs) are self-emitting
devices that have advantages such as wide viewing angles,
excellent contrast, quick response time, and excellent bright-
ness, driving voltage, and response speed characteristics, and
can provide multicolored images.

A typical OLED has a structure including an anode, a
hole-transporting layer (HTL), an emission layer (EML), an
electron-transporting layer (ETL), and a cathode, which are
sequentially stacked on the substrate. In this regard, the HTL,
the EML, and the ETL are organic thin films foamed of
organic compounds.

An operating principle of an OLED having the above-
described structure is as follows. When a voltage is applied
between the anode and the cathode, holes injected from the
anode move to the EML via the HTL, and electrons injected
from the cathode move to the EML via the ETL. Carriers such
as the holes and the electrons recombine in the EML to
generate excitons. When the excitons drop from an excited
state to a ground state, light is emitted.

SUMMARY

The present disclosure provides an organic light-emitting
device simultaneously having a low driving voltage, high
efficiency, and a long lifespan.

According to an aspect of the present disclosure, there is
provided an organic light emitting device including a first
electrode, a second electrode disposed opposite to the first
electrode, an emission layer disposed between the first elec-
trode and the second electrode, and an electron-transporting
layer disposed between the emission layer and the second
electrode. The electron-transporting layer includes a first
electron-transporting material and a second electron-trans-
porting material. A lowest unoccupied molecular orbital
(LUMO) energy level of the first electron-transporting mate-
rial (EL,) and a LUMO energy level of the second electron-
transporting material (EL,) satisfy the equation, 0.1
eV=|EL,-EL,|=0.3 eV.

According to another aspect of the present disclosure, there
is provided an organic light-emitting device including a first
electrode, a second electrode disposed opposite to the first
electrode, an emission layer disposed between the first elec-
trode and the second electrode, and an electron-transporting
layer disposed between the emission layer and the second
electrode. The electron-transporting layer includes a first
electron-transporting material and a second electron-trans-
porting material. The first electron-transporting material and
the second electron-transporting material are each indepen-
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2

dently selected from an amine-based compound represented
by Formula 1 and an anthracene-based compound repre-
sented by Formula 2. wherein, such that the first electron-
transporting material and the second electron-transporting
material are different.

<Formula 1>

Aty
Xy N/
VUml™
\
' ' :
<Formula 2>

In Formulae 1 and 2, groups represented by X, and X, are
each independently selected from a substituted or unsubsti-
tuted C4-Cg, arylene group or a substituted or unsubstituted
C,-Cg, heteroarylene group; m1l and m2 are each indepen-
dently an integer of 0 to 5.

In Formula 1, groups represented by Ar, and Ar, are each
independently selected from a substituted or unsubstituted
Cs-Cg, aryl group and a substituted or unsubstituted C,-Cg,
heteroaryl group. At least one of the groups represented by
Ar, and Ar, is selected from 1) a pyridyl group, a pyrimidyl
group, and a triazinyl group, ii) a pyridyl group, a pyrimidyl
group, and a triazinyl group, each of which may be substituted
with at least one of a C4-Cg,, aryl group and a C,-Cg, het-
eroaryl group; iii) a C¢-Cg, aryl group and a C,-C heteroaryl
group, each of which may be substituted with at least one of
apyridyl group, a pyrimidyl group, and a triazinyl group; and
iv) a pyridyl group, a pyrimidyl group, and a triazinyl group,
each of which may be substituted with at least one of a C4-Cg
aryl group and a C,-C,, heteroaryl group, each of which may
be substituted with at least one of a C4-Cg, aryl group and a
C,-Cg, heteroaryl group.

In Formula 2, the group represented by Ar; is selected from
1) apyridyl group, a pyrimidyl group, and a triazinyl group; ii)
apyridyl group, a pyrimidyl group, and a triazinyl group each
substituted with at least one of a C4-Cg aryl group and a
C,-Cgo heteroaryl group; iii) a C4-Cyp aryl group and a C,-Co
heteroaryl group each substituted with at least one of a pyridyl
group, a pyrimidyl group, and a triazinyl group; and iv) a
pyridyl group, a pyrimidyl group, and a triazinyl group, each
of' which may be substituted with at least one of a C4-Cgyy aryl
group and a C,-C, heteroaryl group, which are each substi-
tuted with at least one of a C4-Cg, aryl group and a C,-Cg,,
heteroaryl group.

BRIEF DESCRIPTION OF THE DRAWINGS

Features will become apparent to those of ordinary skill in
the art by describing in detail exemplary embodiments with
reference to the attached drawings in which:
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FIG. 1 illustrates a schematic view of an organic light-
emitting device according to an embodiment.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
hereinafter with reference to the accompanying drawings;
however, they may be embodied in different forms and should
not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the art.

In the drawing FIGURES, the dimensions of layers and
regions may be exaggerated for clarity of illustration. It will
also be understood that when a layer or element is referred to
as being “on” another layer or substrate, it can be directly on
the other layer or substrate, or intervening layers may also be
present. Further, it will be understood that when a layer is
referred to as being “under” another layer, it can be directly
under, and one or more intervening layers may also be
present. In addition, it will also be understood that when a
layer is referred to as being “between” two layers, it can be the
only layer between the two layers, or one or more intervening
layers may also be present. Like reference numerals refer to
like elements throughout.

FIG. 1 illustrates a schematic view of a cross-section of an
organic light-emitting device 100 according to an embodi-
ment of the present disclosure. A structure and a method of
manufacturing an organic light-emitting device according to
an embodiment of the present disclosure are described as
follows with reference to FIG. 1.

The substrate 110 may be any substrate that is used in
existing organic light emitting devices such as a glass sub-
strate or a transparent plastic substrate having strong
mechanical strength, thermal stability, transparency, surface
smoothness, ease of handling, and water resistance.

The first electrode 120 may be formed on the substrate by
depositing or sputtering a first electrode-forming material
onto a surface of the substrate 110. When the first electrode
120 is an anode, a material having a high work function may
be used as the first electrode-forming material to facilitate
hole injection. The first electrode 120 may be a reflective
electrode or a transmission electrode. Materials having excel-
lent transparent and conductive capabilities such as indium
tin oxide (ITO), indium zinc oxide (IZO), tin oxide (Sn0O,),
and zinc oxide (ZnO) may be used to form the first electrode
120. In other embodiments, magnesium (Mg), aluminum
(Al), aluminum-lithium (Al—L1), calcium (Ca), magnesium-
indium (Mg—In), magnesium-silver (Mg—Ag), and the like
may be used to form the first electrode 120 as a reflective
electrode.

The first electrode 120 may have a single layer or a multi-
layer structure including two or more layers. For example, the
first electrode 120 may have a three-layered structure of ITO/
Ag/ITO, but is not limited thereto.

An organic layer 130 is disposed on the first electrode 120.
The organic layer 130 refers to a plurality of layers disposed
between the first electrode 120 and a second electrode 140 in
the organic light-emitting device 100 and may further include
an emission layer (EML) 133, a hole-injecting layer (HIL)
131, a hole-transporting layer (HTL) 132, a functional layer
having both hole-injecting and hole-transporting capabilities
(H-functional layer), a buffer layer, an electron-blocking
layer (EBL), a hole-blocking layer (HBL), an electron-trans-
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4
porting layer (ETL) 134, an electron-injecting layer (EIL)
135, and a functional layer having both electron-injecting and
electron-transporting  capabilities (E-functional layer).
According to an embodiment, the organic layer 130 may
sequentially include the HIL, 131, HTL 132, buffer layer,
EML 133, ETL 134, and EIL 135.

The HIL 131 may be formed on the first electrode 120
using various methods, such as vacuum deposition, spin coat-
ing, casting, or Langmuir-Blodgett (LB) deposition. When
the HIL 131 is formed using vacuum deposition, vacuum
deposition conditions may vary according to the compound
that is used to form the HIL. 131, and the desired structure and
thermal properties of the HIL. 131 to be formed. For example,
vacuum deposition may be performed at a temperature of
about 100° C. to about 500° C., a pressure of about 10~® torr
to about 10~ torr, and a deposition rate of about 0.01 A/sec to
about 100 A/sec. However, the deposition conditions are not
limited thereto.

When the HIL 131 is formed using spin coating, the coat-
ing conditions may vary according to the compound that is
used to form the HIL 131, and the desired structure and
thermal properties of the HIL. 131 to be formed. For example,
the coating rate may be in a range of about 2000 rpm to about
5000 rpm, and a temperature at which heat treatment is per-
formed to remove a solvent after coating may be in a range of
about 80° C. to about 200° C. However, the coating conditions
are not limited thereto.

The HIL 131 may be formed of any known hole-injecting
material, and non-limiting examples of the hole-injecting
material are N,N'-diphenyl-N,N'-bis-[4-(phenyl-m-tolyl-
amino)-phenyl]-biphenyl-4,4'-diamine (DNTPD), a phthalo-
cyanine compound such as copper phthalocyanine, 4,4',4"-
tris(3-methylphenylphenylamino) triphenylamine
(m-MTDATA), N,N'-di(1-naphthyl group-N,N'-diphenyl-
benzidine (NPB), TDATA, 2-TNATA, polyaniline/dodecyl-
benzenesulfonic acid (Pani/DBSA), poly(3,4-ethylenediox-
ythiophene)/poly(4-styrenesulfonate) (PEDOT/PSS),
polyaniline/camphor sulfonic acid (Pani/CSA), and (polya-
niline)/poly(4-styrenesulfonate) (PANI/PSS).

Z

ads

m-MTDATA
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A thickness of the HIL 131 may be about 100 A to about
10,000 A, and in some embodiments, may be from about 100
A to about 1000 A. When the thickness of the HIL 131 is
within these ranges, the HIL. 131 may have good hole-inject-
ing ability without a substantial increase in driving voltage.

Then, the HTL 132 may be formed on the HIT. 131 by using
various methods, such as vacuum deposition, spin coating,
casting, and LB deposition. When the HTL 132 is formed
using vacuum deposition or spin coating, the deposition and
coating conditions may be similar to those for the formation
of the HIL 131, though the conditions for deposition and
coating may vary according to the material that is used to
form the HTL 132.

Non-limiting examples of known hole-transporting mate-
rials may include, for example, carbazole derivatives such as
N-phenylcarbazole and polyvinylcarbazole, N,N'-bis(3-me-
thyl phenyl)-N,N'-diphenyl-[1,1-biphenyl]-4,4'-diamine
(TPD), 4.4',4"-tris(N-carbazolyltriphenylamine (TCTA),
and N,N'-di(1-naphthyl-N,N'-diphenylbenzidine) (NPB).
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TPD

<NPB>

A thickness of the HTL 132 may be from about 50 A to
about 2000 A, and in some embodiments, may be from about
100 A to about 1500 A. When the thickness of the HTT. 132 is
within these ranges, the HTL 132 may have good hole-trans-
porting ability without a substantial increase in driving volt-
age.

The H-functional layer (having both hole-injecting and
hole-transporting capabilities) may contain at least one mate-
rial from each group of the HIL materials and HTL materials.
The thickness of the H-functional layer may be from about
100 A to about 10,000 A, and in some embodiments, may be
from about 100 A to about 1,000 A. When the thickness of the
H-functional layer is within these ranges, the H-functional
layer may have good hole-injecting and transporting abilities
without a substantial increase in driving voltage.

In some embodiments, at least one selected from the HIL,
HTL, and H-functional layer may include at least one com-
pound of Formula 300 and a compound of Formula 301:

<Formula 300>

Rios Hos
N Ryg7
(Ar101)xa
N/R109
(Ar12)sp
Riue Riis

Rin
Rirz

Ry .
Ris
Rz
Ryg s
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-continued
<Formula 301>

Rz
.

In Formula 300, groups represented by Ar,,, and Ar,,,
may be each independently a substituted or unsubstituted
C-Cgo arylene group. For example, Ar,,, and Ar,,, may be
each independently selected from a phenylene group, a pen-
talenylene group, an indenylene group, a naphthylene group,
an azulenylene group, a heptalenylene group, a substituted or
unsubstituted acenaphthylene group, a fluorenylene group, a
phenalenylene group, a phenanthrenylene group,
anthrylene group, a fluoranthenylene group, a triphenyle-
nylene group, a pyrenylene group, a chrysenylenylene group,
a naphthacenylene group, a picenylene group, a perylenylene
group, and a pentacenylene group; and a phenylene group, a
pentalenylene group, an indenylene group, a naphthylene
group, an azulenylene group, a heptalenylene group, a sub-
stituted or unsubstituted acenaphthylene group, a fluore-
nylene group, a phenalenylene group, a phenanthrenylene
group, an anthrylene group, a fluoranthenylene group, atriph-
enylenylene group, a pyrenylene group, a chrysenylenylene
group, a naphthacenylene group, a picenylene group, a
perylenylene group, and a pentacenylene group, each of
which may be substituted with at least one of a deuterium
atom, a halogen atom, a hydroxyl group, a cyano group, a
nitro group, an amino group, an amidino group, hydrazine,
hydrazone, a carboxylic acid group or a salt thereof, a sulfonic
acid group or a salt thereof, a phosphoric acid or a salt thereof,
a C,-Cg, alkyl group, a C,-Cq, alkenyl group, a C,-Cg, alky-
nyl group, a C,-C, alkoxy group, a C,-C, , cycloalkyl group,
a C;-C,, cycloalkenyl group, a C;-C,, heterocycloalkyl
group, a C;-C,, heterocycloalkenyl group, a C4-Cgy, aryl
group, a C,-C, aryloxy group, a C4-Cg, arylthio group, and
a C,-Cg, heteroaryl group.

In Formula 300, xa and xb may be each independently an
integer of 0to 5, or 0, 1 or 2. For example, xa may be 1 and xb
may be 0, but they are not limited thereto.

In Formulae 300 and 301, groups represented by R, to
R,oss Ryj; to Ry g, and R 5, to Ry, may be each indepen-
dently selected from a hydrogen atom, a deuterium atom, a
halogen atom, a hydroxyl group, a cyano group, a nitro group,
an amino group, an amidino group, hydrazine, hydrazone, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof, a phosphoric acid or a salt thereof, a substi-
tuted or unsubstituted C,-Cg, alkyl group, a substituted or
unsubstituted C,-Cg, alkenyl group, a substituted or unsub-
stituted C,-C, alkynyl group, a substituted or unsubstituted
C,-Cq, alkoxy group, a substituted or unsubstituted C;-Cg,
cycloalkyl group, a substituted or unsubstituted C,-Cy, aryl
group, a substituted or unsubstituted C5-Cg, aryloxy group,
and a substituted or unsubstituted C5-C, arylthio group. For
example, groups represented by R,; to R og, R;;; to Ry,
andR ,, to R,,, may be each independently a hydrogen atom,

an

10

30

40

50

55

65

8

a deuterium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine; hydrazone, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid or a salt thereof, a C,-C,, alkyl group (for example, a
methyl group, an ethyl group, a propyl group, a butyl group,
apentyl group, and ahexyl group), aC, -C, , alkoxy group (for
example, a methoxy group, an ethoxy group, a propoxy
group, a butoxy group, and a pentoxy group), a C,-C,, alkyl
group, and a C,-C,, alkoxy group, each of which may be
substituted with at least one of a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, hydrazine, hydrazone, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof and a phosphoric acid or a salt thereof, a
phenyl group, a naphthyl group, an anthryl group, a fluorenyl
group, a pyrenyl group, a phenyl group, a naphthyl group, an
anthryl group, a fluorenyl group, and a pyrenyl group, each of
which substituted with at least one of a deuterium atom, a
halogen atom, a hydroxyl group, a cyano group, a nitro group,
an amino group, an amidino group, hydrazine, hydrazone, a
carboxylic acid group or a salt thereof, a sulfonic acid group
or a salt thereof, a phosphoric acid or a salt thereof, a C,-C,,
alkyl group, and a C,-C,, alkoxy group, but they are not
limited thereto.

In Formula 300, a group represented by R, may be one
selected from a phenyl group, a naphthyl group, an anthryl
group, a biphenyl group, a pyridyl group, a phenyl group, a
naphthyl group, an anthryl group, a biphenyl group, and a
pyridyl group, each of which may be substituted with at least
one of a deuterium atom, a halogen atom, a hydroxyl group,
a cyano group, a hitro group, an amino group, an amidino
group, hydrazine, hydrazone, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid or a salt thereof, a substituted or unsubstituted C,-C,,
alkyl group, and a substituted or unsubstituted C,-C,, alkoxy
group.

According to an embodiment, a compound represented by
Formula 300 may be represented as Formula 300A, but the
compound is not limited thereto:

<Formula 300A>
Ryo1

\
N

O

Rigo-
N7

@
J

In Formula 300A, descriptions of groups represented by
Rio1s Ryips Rypas and Ry, are referred to in the description
provided herein. For example, at least one of the HIL, 131,
HTL 132, and H-functional layer may include at least one of
Compounds 301 to 320, but is not limited thereto:

Rin

Ry
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-continued
320

At least one of the HIL 131, HTL 132, and H-functional
layer may further include a charge-generating material to
improve conductivity of a film and the like, in addition to a
known hole-injecting material, a known hole-transporting
material, and/or a material having both hole-injecting and
hole-transporting capabilities.

The charge-generating material may be, for example, a
p-dopant. The p-dopant may be one of a quinone derivative, a
metal oxide, and a cyano group-containing compound, but is
not limited thereto. Non-limiting examples of the p-dopant
are quinone derivatives such as tetracyanoquinonedimethane
(TCNQ) and 2,3,5,6-tetrafluoro-tetracyano-1,4-benzoquino-
nedimethane (F4-TCNQ), metal oxides such as tungsten
oxide and molybdenum oxide, and cyano-group-containing
compounds such as Compound 200.

<Compound 200>
CN

NC%N

N N CN
P
I\i N CN
N
NC Z
CN
F F
NC CN
NC CN
F F
<F4-TCNQ>

When the HIL 131, HTL 132, or the H-functional layer
further includes the charge-generating material, the charge-
generating material may be homogeneously dispersed or non-
homogeneously distributed in the HIL 131, HTL 132, or
H-functional layer.
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The buffer layer may be disposed between the EML 133
and at least one selected from the HIL 131, HTL 132, and the
H-functional layer. The buffer layer may compensate for an
optical resonance distance of light according to a wavelength
of'the light emitted from the EML 133, and thus may increase
efficiency. The buffer layer may include any hole-injecting
material or hole-transporting material. In some other embodi-
ments, the buffer layer may include the same material as one
of the materials included in the HIL 131, HTL 132, and
H-functional layer that underlies the buffer layer.

Then, the EML 133 may be formed on the HTL 132,
H-functional layer, or buffer layer by vacuum deposition, spin
coating, casting, LB deposition, or the like. When the EML
133 is formed using vacuum deposition or spin coating, the
deposition and coating conditions may be similar to those for
the formation of the HIL 131, though the conditions for
deposition and coating may vary according to the material
that is used to form the EML 133.

The EML 133 may include a known light-emitting mate-
rial. The EML 133 may include a known host and a dopant.
When the organic light-emitting device is a full color organic
light-emitting device, the EML 133 may be patterned into a
red EML, a green EML, and a blue EML. In some embodi-
ments, the EML 133 may include at least two of the red EML,,
the green EML, and the blue EML that are stacked upon one
another to emit white light, but is not limited thereto.

Non-limiting examples of the known host are tris(8-quino-
linato)aluminum (Alqg;), 4,4'-N,N'-dicarbazole-biphenyl
(CBP), poly(n-vinylcarbazole) (PVK), 9,10-di(naphthalene-
2-yl)anthracene (ADN), 4,4' 4"-tris(carbazole-9-y])tripheny-
lamine (TCTA), 1,3,5-tris(N-phenylbenzimidazole-2-yl)
benzene (TPBI), 3-tertert-butyl-9,10-di(napth-2-yl)
anthracene (TBADN), 9,9'-(1,3-phenylene)bis-9H-carbazole
(mCP), E3, 1,3-bis[2-(4-tert-butyphenyl)-1,3,4-oxadiazo-5-
yl] (OXD-7), distyryl arylene (DSA), dmCBP, and Com-
pounds 501 to 509, but are not limited thereto.

OXD-7
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In some embodiments, as the host, an anthracene-based
compound represented by Formula 400 may be used:

<Formula 400>

N\ (Arq15);
/X
Aryia——(Ar112)n (Arp)g—Ary3.
/
\ /\(Arlls)j

In Formula 400, groups represented by Ar,,; and Ar, , are
each independently a substituted or unsubstituted C5-Cg
arylene group; groups represented by Ar, , ; to Ar, , ; are each
independently a substituted or unsubstituted C,-C,, alkyl
group or a substituted or unsubstituted C5-C, aryl group; and
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g, h, i, and j may be each independently an integer of O to 4. In
some embodiments, in Formula 400, groups represented by
Ar,,, and Ar,, may be each independently a phenylene
group, a naphthylene group, a phenanthrenylene group, or a
pyrenylene group; or a phenylene group, a naphthylene
group, a phenanthrenylene group, a fluorenyl group, or a
pyrenylene group, each of which may be substituted with at
least one selected from a phenyl group, a napthyl group, and
an anthryl group, but are not limited thereto. In Formula 400,
g, h, 1, and j may be each independently an integer of 0, 1, or
2.

In Formula 400, groups represented by Ar, , 5 to Ar, ,; may
be each independently a C,-C, , alkyl group substituted with
at least one of a phenyl group, a naphthyl group, and an
anthryl group; a phenyl group; a naphthyl group; an anthryl
group; a pyrenyl group; a phenanthrenyl group; a fluorenyl
group; a phenyl group, a naphthyl group, an anthryl group, a
pyrenyl group, a phenanthrenyl group, and a fluorenyl group,
each of which may be substituted with at least one of a
deuterium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine, hydrazone, a carboxylic acid group or a salt
thereof, a sulfonic acid group or a salt thereof, a phosphoric
acid or a salt thereof, a C,-Cg, alkyl group, a C,-Cy, alkenyl
group, a C,-Cg, alkynyl group, a C,-Cg, alkoxy group, a
phenyl group, a naphthyl group, an anthryl group, a pyrenyl
group, a phenanthrenyl group, and a fluorenyl group; and

)

but are not limited thereto.

t3

In some embodiments, an anthracene-based compound
represented by Formula 400 may be one of the following
compounds, but is not limited thereto:
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)

In some embodiments, as the host, an anthracene-based
compound represented by Formula 401 may be used:

<Formula 401>

(Arp2s)x

In Formula 401, detailed descriptions of groups repre-
sented by Ar, ,, to Ar, ,5 are as referred to in the description of
the group represented by Ar,, ; of Formula 400.

In Formula 401, groups represented by Ar,,s and Ar,,,
may be each independently a C,-C,, alkyl group (for
example, a methyl group, an ethyl group, or a propyl group).
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InFormula401, kand 1 may be each independently an integer
of 0 to 4. For example, the k and 1 may be 0, 1, or 2. For
example, the anthracene-based compound represented by
Formula 401 may be one of the following compounds, but is
not limited thereto:

ST
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29 30
-continued The dopant may be at least one selected from a
fluorescent dopant and a phosphorescent dopant. The
O phosphorescent dopant may be an organic metal
O 5 complex including Ir, Pt, Os, Re, Ti, Zr, Hf, or a
combination of two or more of these, but is not limited
thereto.

OOO’ 0 Non-limiting examples of known blue dopants are F,Irpic,
(F, ppy),lr(tmd), Ir(dfppz);, ter-fluorene (fluorene), 4,4'-

Q O bis(4-diphenyl aminostyryl) biphenyl (DPAVBI), 2.5.8,
O 11-tetra-tertert-butyl perylene (TBPe), and 4,4'-bis(2,2-

O ' 15 diphenyl vinyl)-1,1'-biphenyl (DPVBIi), but are not limited

thereto.

H;CO F F

| N o} o}

E H,CO
- - (F2ppy)aIr(tmd) Tr(dfppz)s
Folpic
N / O
DPAVBI TBPe

DPVBI
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31 32
As a known red dopant, PtOEP, Ir(piq);, Btplr, or the like -continued
may be used, but is not limited thereto. — — — —
9 D
— — 5 P 0= | 2N
Z CH, \Ir/ \Ir
| N/ v
SWAN O— 0
N/
I
LN\ / 10 L i
g 0] 2 — =13
CH; Ir(ppy)a(acac) Ir(mpyp)3
L _, 15
Meanwhile, a dopant that may be included in the EML 133
Beplr may be a Pt-complex as described herein, but is not limited
thereto:
20
D1
25
\ 30
D2
PtOEP
35
o0
P
\Ir
- 40
= —I3
D3
Ir(piq)s 45
As a known green dopant, Ir(ppy); (ppy=phenylpyridine),
Ir(ppy),(acac), Ir(mpyp);, or the like may be used but is not
limited thereto. 30
55
D4
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FsC

A dopant that may be included in the EML 133 may be an
Os-complex as described herein, but is not limited thereto:

Os(fppz)>(CO),
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-continued

Ne N P Naw
\(l)s/
\N/Il’\N Ny

| Ph,Me 7\
S N:<
CF

Os(fptz),(PPhyMe),

3

C3F7

Os(hptz),(PPhMe;),

When the EML 133 includes the host and the dopant, an
amount of the dopant may generally be selected from the
range of about 0.01 wt % to about 15 wt % based on 100 wt %
of the EML 133, but the amount the dopant is not limited
thereto.

A thickness of the EML 133 may be about 200 A to about
700 A. When the thickness of the EML 133 is within these
ranges, the EML 133 may have good light-emitting ability
without a substantial increase in driving voltage.

Then, the ETL 134 may be formed on the EML 133 by any
of'a variety of methods, for example, vacuum deposition, spin
coating, or casting. When the ETL 134 is formed using
vacuum deposition or spin coating, the deposition and coating
conditions may be similar to those for the formation of the
HIL 131, though the deposition and coating conditions may
vary according to a material that is used to form the ETL 134.

A lowest unoccupied molecular orbital (LUMO) energy
level of the first electron-transporting material (EL,) may be
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2.6 eVs=IEL,1=2.9 eV, and a highest occupied molecular
orbital (HOMO) energy level of the first electron-transporting
material (EH, ) may be 5.6 eV=IEH, |=5.8 eV, but they are not
limited thereto. A LUMO energy level of the second electron-
transporting (EL,) material may be 2.7 eV=IEL,I<3.0eV and
an energy level (EH,) of the HOMO of the second electron-
transporting material may be 5.7 eV=IEH,|<5.9 eV, but they
are not limited thereto.

A method of measuring energy levels of a HOMO and a
LUMO of a compound may be as follows, but the method is
not limited thereto. HOMO and LUMO energy levels of a
compound may be measured by using a cyclic voltammetry
device, such as a ZIVE SP2 available from Wonatech. Each
sample solution and an electrolyte solution used herein may
be as follows, ferrocene may be used as a standard material,
and (Bu) ,NPF ; may be used as an electrolyte. For example, a
sample solution of a compound to be measured is a 5x107> M
dichloromethane solution, a ferrocene sample solution, a
(Bu),NPF, electrolyte solution, and a 0.1 M acetonitrile solu-
tion. An E, _-I relationship graph of the compound to be
measured and the standard material may be drawn, wherein
each tangent line is drawn from points at which current is
drastically increased, and voltages of points at which the
tangent lines contact an x-axis may be recorded. A HOMO
energy level of the compound to be measured may be calcu-
lated by setting a HOMO energy level of ferrocene at —-4.8 eV.

The ETL 134 may include the first electron-transporting
material and the second electron-transporting material. A
LUMO energy level of the first electron-transporting material
(EL,) and a LUMO energy level of the second electron-
transporting material (EL,) satisfy Equation 1. Accordingly,
the first electron-transporting material and the second elec-
tron-transporting material are selected as different com-
pounds.

0.1 eVs|EL-EL,|<0.3 éV

As the EL; and the EL, satisfy Equation 1, the LUMO
energy level of EL, forms an electron trap such that a number
of electrons that move from the second electrode to the EML
133 may be controlled. By doing so, a lifespan of the organic
light-emitting device may be improved.

According to an embodiment, the HOMO energy level of
the first electron-transporting material (EH, ) and the LUMO
energy level of the first electron-transporting material (EL,)
satisfy Equation 2. The HOMO energy level of the second
electron-transporting material (EH,) and the LUMO energy
level of the second electron-transporting material (EL,) may
satisfy Equation 3, but are not limited thereto:

<Equation 1>

2.7 eV=|EL|-EH |<3.2 eV <Equation 2>

2.7 eV=I|EL,~EH,|<3.2 eV

When each of EH |, EL.,, EH,, and EL, satisfies the rela-
tionship of Equation 2 or 3, a suitable electron-transporting
ability may be obtained and a driving voltage need not
increase substantially.

In another embodiment, a molecular weight of the first
electron-transporting material (MW,) and a molecular
weight of the second electron-transporting material (MW,)
may satisty Equation 4, but the molecular weights are not
limited thereto.

LMW, —MW,|<30

When MW, and MW, satisfy Equation 4, a difference in
sublimation temperatures of the first electron-transporting
material and the second electron-transporting material may
be adjusted to a temperature of 30° C. or below. Accordingly,

<Equation 4>
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when a first electron-transporting material and a second elec-
tron-transporting material satisfying Equation 4 are selected,
the materials are advantageous for preparing an ETL by using
a vacuum deposition method.

According to another embodiment, both of the first elec-
tron-transporting material and the second electron-transport-
ing material may be selected from non-metal-atom-contain-
ing organic compounds, but they are not limited thereto. To
increase efficiency of an organic light-emitting device, an
amount of electrons injected from the second electrode to the
EML 133 may be increased. When an excessive amount of
electrons is injected into the EML 133 to increase efficiency
of an organic light-emitting device, an excessive amount of
excitons is generated in the EML 133, thereby comparatively
reducing a lifespan of the organic light-emitting device.
When both of the first electron-transporting material and the
second electron-transporting material are selected from non-
metal-atom-containing organic compounds, the amount of
electrons reaching the EML 133 may be suitably adjusted to
improve the lifespan of the organic light-emitting device.
Furthermore, when a metal-atom-containing compound such
as LiQ or LiF is doped on the ETL 134, an oxidation may
easily occur because the metal-atom-containing compound is
highly reactive to oxygen. Accordingly, when both of the first
electron-transporting material and the second electron-trans-
porting material are selected from non-metal-atom-contain-
ing organic compounds, a lifespan of the organic light-emit-
ting device may be improved.

According to another embodiment, the first electron-trans-
porting material and the second electron-transporting mate-
rial may be each independently selected from pyridine deriva-
tives, pyrimidine derivatives, and triazine derivatives, but
they are not limited thereto. As a number of nitrogen atoms
included in the first electron-transporting material and the
second electron-transporting material changes, LUMO
energy level of the first electron-transporting material and the
second electron-transporting material may be finely adjusted
and thus, a compound satisfying Equation 1 may be suitably
selected.

According to another embodiment, a weight ratio of the
first electron-transporting material to the second electron-
transporting material may be in a range of about 80:20 to
about 50:50, but the weight ratio is not limited thereto. When
the weight ratio of the first electron-transporting material to
the second electron-transporting material is within the range
above, the materials are suitable for forming an ETL 134 by
using a vacuum deposition and an organic light-emitting
device having improved lifespan may be provided.

According to another embodiment, the first electron-trans-
porting material and the second electron-transporting mate-
rial may be each independently selected from an amine-based
compound represented by Formula 1 and an anthracene-
based compound represented by Formula 2, but they are not

limited thereto.
X1 N/Arl
Vml™
\
() ) h

<Formula 1>
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In Formulae 1 and 2, groups represented by X, and X, are
each independently selected from a substituted or unsubsti-
tuted C4-Cy, arylene group or a substituted or unsubstituted
C,-Cg, heteroarylene group. m1 and m2 are each indepen-
dently selected from an integer of 0 to 5.

In Formula 1, groups represented by Ar, and Ar, are each
independently selected from a substituted or unsubstituted
Cs-Cg aryl group and a substituted or unsubstituted C,-Cg,
heteroaryl group. At least one of the groups represented by
Ar, and Ar, is selected from i) a pyridyl group, a pyrimidyl
group, and a triazinyl group; ii) a pyridyl group, a pyrimidyl
group, and a triazinyl group, each of which may be substituted
with at least one of a C4-Cg, aryl group and a C,-Cg, het-
eroaryl group; iii) a C¢-Cg, aryl group and a C,-C heteroaryl
group, each of which may be substituted with at least one of
apyridyl group, a pyrimidyl group, and a triazinyl group; and
iv) a pyridyl group, a pyrimidyl group, and a triazinyl group,
each of which may be substituted with at least one ofa C,-Cy,
aryl group and a C,-C, heteroaryl group, which may each be
substituted with at least one of a C4-Cg,, aryl group and a
C,-Cg, heteroaryl group.

A group represented by Ar; is selected from 1) a pyridyl
group, a pyrimidyl group, and a triazinyl group; ii) a pyridyl
group, a pyrimidyl group, and a triazinyl group, each of which
may be substituted with at least one of a C4-Cg aryl group and
a C,-Cg, heteroaryl group; iii) a C4-Cg, aryl group and a
C,-Cg, heteroaryl group, each of which may be substituted
with at least one of a pyridyl group, a pyrimidyl group, and a
triazinyl group; and iv) a pyridyl group, a pyrimidyl group,
and a triazinyl group, each of which may be substituted with
at least one of a C4-Cg, aryl group and a C,-Cg, heteroaryl
group, each of which may be substituted with at least one of
a C4-Cyq aryl group and a C,-Cg, heteroaryl group.

For example, in Formula 1, groups represented by X, and
X, are each independently selected from a substituted or
unsubstituted a phenylene group, a substituted or unsubsti-
tuted a pentalenylene group, a substituted or unsubstituted an
indenylene group, a substituted or unsubstituted a naphthyl-
ene group, a substituted or unsubstituted an azulenylene
group, a substituted or unsubstituted a heptalenylene group, a
substituted or unsubstituted indacenylene group, a substi-
tuted or unsubstituted acenaphthylene group, a substituted or
unsubstituted a fluorenylene group, a substituted or unsubsti-
tuted phenalenylene group, a substituted or unsubstituted a
phenanthrenylene group, a substituted or unsubstituted an
anthrylene group, a substituted or unsubstituted a fluoranthe-
nylene group, a substituted or unsubstituted a triphenyle-
nylene group, a substituted or unsubstituted a pyrenylene
group, a substituted or unsubstituted chrysenylene group, a
substituted or unsubstituted a naphthacenylene group, a sub-
stituted or unsubstituted a picenylene group, a substituted or
unsubstituted a perylenylene group, a substituted or unsub-
stituted pentaphenylene group, a substituted or unsubstituted
hexacenylene group, a substituted or unsubstituted pyrro-
lylene group, a substituted or unsubstituted pyrazolylene

<Formula 2>
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group, a substituted or unsubstituted imidazolylene group, a
substituted or unsubstituted imidazolinylene group, a substi-
tuted or unsubstituted imidazopyridinylene group, a substi-
tuted or unsubstituted imidazopyrimidinylene group, a sub-
stituted or unsubstituted pyridinylene group, a substituted or
unsubstituted pyrazinylene group, a substituted or unsubsti-
tuted pyrimidinylene group, a substituted or unsubstituted
indolylene group, a substituted or unsubstituted purinylene
group, a substituted or unsubstituted quinolinylene group, a
substituted or unsubstituted phthalazinylene group, a substi-
tuted or unsubstituted indolizinylene group, a substituted or
unsubstituted naphthyridinylene group, a substituted or
unsubstituted quinazolinylene group, a substituted or unsub-
stituted cinnolinylene group, a substituted or unsubstituted
indazolylene group, a substituted or unsubstituted carba-
zolylene group, a substituted or unsubstituted phenazinylene
group, a substituted or unsubstituted phenanthridinylene
group, a substituted or unsubstituted pyranylene group, a
substituted or unsubstituted chromenylene group, a substi-
tuted or unsubstituted furanylene group, a substituted or
unsubstituted benzofuranylene group, a substituted or unsub-
stituted thiophenylene group, a substituted or unsubstituted
benzothiophenylene group, a substituted or unsubstituted
isothiazolylene group, a substituted or unsubstituted ben-
zoimidazolylene group, a substituted or unsubstituted isox-
azolylene group, a substituted or unsubstituted diben-
zothiophenylene group, a substituted or unsubstituted
dibenzofuranylene group, a substituted or unsubstituted tri-
azinylene group, a substituted or unsubstituted oxadiaz-
olylene group, a substituted or unsubstituted pyridazinylene
group, a substituted or unsubstituted triazolylene group, and
a substituted or unsubstituted tetrazolylene group, but they
are not limited thereto.

As another example, in Formula 1, groups represented by
X, and X, are each independently selected from a substituted
or unsubstituted a phenylene group, a substituted or unsub-
stituted a naphthylene group, a substituted or unsubstituted an
anthrylene group, a substituted or unsubstituted pyridinylene
group, a substituted or unsubstituted pyrimidinylene group,
and a substituted or unsubstituted triazolylene group, but they
are not limited thereto.

For example, in Formula 1, m1 and m2 are each indepen-
dently selected from an integer of 1 to 2, but they are not
limited thereto. For example, moieties represented by (X, ),,,;
and (X,),,, may be any one selected from Formulae 3-1 to 3-4,
but they are not limited thereto:

3-1
7, 7,
* Ex 3
7 Z4
3-2
Z, Z)
* Z4
Z3 £
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33
Z, Z, Zs Zg
Z; 7, Zg Z;
34
7, 7> Zs
N—
N

In Formulae 3-1 to 3-4, groups represented by Z, to Z; may
be each independently selected from a hydrogen atom; a
deuterium atom; —F; —Cl; —Br; —I; —CN; a hydroxyl
group; —NO,; a C,-C, alkyl group; a C,-C,, alkoxy group;
a C,-C,, alkyl group and a C,-C,, alkoxy group, each of
which may be substituted with at least one of a deuterium
atom, —F, —Cl, —Br, —I, —CN, a hydroxyl group, and
—NO,; a C,-C, aryl group; a C,-C,,, heteroaryl group; and
a C4-C,q aryl group and a C,-C,, heteroaryl group, each of
which may be substituted with at least one of a deuterium
atom, —F, —Cl, —Br, —I,—CN, ahydroxyl group, —NO,,
a C,-C,, alkyl group, a C,-C,, alkoxy group, a C4-C,, aryl
group, and a C,-C, heteroaryl group; * is a bonding siteto an
anthracene of Formulae 1 and 2; ** is a bonding site to a
nitrogen atom of Formula 1 or a bonding site to the group
represented by Ar; of Formula 2.

For example, in Formula 1, groups represented by Ar, and
Ar, are each independently selected from 1) a C4-Cg, aryl
group and a C,-C, heteroaryl group; ii) a C4-Cg, aryl group
and a C,-Cg,, heteroaryl group, each of which may be substi-
tuted with at least one of a deuterium atom, a halogen atom, a
cyano group, a nitro group, a C,-C,, alkyl group, a C;-Cy,
aryl group, and a C,-Cy,, heteroaryl group; and iii) a C4-Cg
aryl group and a C,-C,, heteroaryl group, each of which may
be substituted with at least one of a Cs-Cy, aryl group and a
C,-Cg, heteroaryl group, each of which may be substituted
with at least one of a deuterium atom, a halogen atom, a cyano
group, a nitro group, a C,-C,, alkyl group, a C4-Cq, aryl
group, and a C,-C, heteroaryl group.

At least one of the groups represented by Ar, and Ar, may
be selected from 1) a pyridyl group, a pyrimidyl group, and a
triazinyl group; ii) a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one ofa C4-Cg, aryl group and a C,-Cg, heteroaryl group; iii)
a C4-Cy, aryl group and a C,-Cg, heteroaryl group, each of
which may be substituted with at least one of a pyridyl group,
a pyrimidyl group, and a triazinyl group; and iv) a pyridyl
group, a pyrimidyl group, and a triazinyl group, each of which
may be substituted with at least one of a C4-Cg aryl group and
a C,-C, heteroaryl group, each of which may be substituted
with at least one of a C4-Cg, aryl group and a C,-Cg, het-
eroaryl group, but they are not limited thereto.

As another example, in Formula 1, the groups represented
by Ar, and Ar, may be each independently selected from 1) a
Cy-Cgpoaryl group and a C,-C, heteroaryl group; ii)a C4-Co
aryl group and a C,-C, heteroaryl group, each of which may
be substituted with at least one of a deuterium atom, a halogen
atom, a cyano group, a nitro group, a C,-C,, alkyl group, a
Cs-Cq aryl group, and a C,-Cg, heteroaryl group; and iii) a
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Cs-Cq, aryl group and a C,-Cg, heteroaryl group, each of
which may be substituted with at least one of a C,-Cy, aryl
group and a C,-Cg, heteroaryl group, each of which may be
substituted with at least one of a deuterium atom, a halogen
atom, a cyano group, a nitro group, a C,-C,, alkyl group, a
Cs-Cg aryl group, and a C,-Cg, heteroaryl group.

At least one of the groups represented by Ar, and Ar, may
be selected from 1) a pyridyl group, a pyrimidyl group, and a
triazinyl group; ii) a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a phenyl group, a naphthyl group, a pyridyl group, a
pyrimidyl group, and a triazinyl group; iii) a phenyl group, a
naphthyl group, a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a pyridyl group, a pyrimidyl group, and a triazinyl
group; and iv) a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a phenyl group, a naphthyl group, a pyridyl group, a
pyrimidyl group, and a triazinyl group, each of which may be
substituted with at least one of a phenyl group, a naphthyl
group, a pyridyl group, a pyrimidyl group, and a triazinyl
group, but they are not limited thereto.

As another example, in Formula 1, the groups represented
by Ar, and Ar, may be each independently selected from 1) a
Cs-Cg, aryl group and a C,-Cg, heteroaryl group; ii) a C4-Cg
aryl group and a C,-C, heteroaryl group, each of which may
be substituted with at least one of a deuterium atom, a halogen
atom, a cyano group, a nitro group, a C,-C,, alkyl group, a
Cs-Cg, aryl group, and a C,-Cg, heteroaryl group; and iii) a
Cs-Cq, aryl group and a C,-Cg, heteroaryl group, each of
which may be substituted with at least one of a C4-Cg,, aryl
group and a C,-C, heteroaryl group, each of which may be
substituted with at least one of a deuterium atom, a halogen
atom, a cyano group, a nitro group, a C,-C,, alkyl group, a
Cs-Cg aryl group, and a C,-Cg, heteroaryl group. At least one
of'the groups represented by Ar, and Ar, may be represented
by any one of Formulae 4-1 to 4-6, but are not limited thereto.

41
Y, Y, Ys Ye¢
Y3 Y4 Ys
42
Y, Y, Ys Y¢
Y, Y, Y
43
Y, Y> Ys
N—
N
Y3 Y4 Y5
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44
Y, Y Y,
N=e
7/
Y, Y, Ve
45
Y, Y, Ys
=
% \ N
~
Y; Yy Ys
4.6
Yy
~
4<\ .
N 7 Y,
Ve Y.
Ys Y4

In Formulae 4-1 to 4-6, groups represented by Y, to Y, may
be each independently selected from a hydrogen atom, a
phenyl group, a naphthyl group, a pyridyl group, a pyrimidyl
group, and a triazinyl group; and * is a bonding site to a
nitrogen atom of Formula 1.

As another example, in Formula 1, the groups represented
by Ar, and Ar, may be represented by any one of Formulae
4-1 to 4-9; and at least one of the groups represented by Ar,
and Ar, may be represented by any one of Formulae 4-1 to
4-6, but they are not limited thereto.

41
v, Y, Ys Yo
N
Y3 Y4 Ysg
42
Y, Yy Ys Y
* \ p Y,
Y, Y, Ye
43
Y, Y Ys
N—
N
Y3 Y4 Yy
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4-4
Y Y3 Yq
N—
N
Y, Y, Y
45
Y, Y Ys
N =<
* N
\ _/
N
Y3 Yy Y
46
Y
N :<
N Y,
Ye¢ Y3
Ys Y,
47
*
Ys Y,
Y4 Y,
Y;
48
Y, Y,
Y Y;
Ys Y,
49
Y7 Y,
* Y,
Y¢ Y3
Y5 Y,

In Formulae 4-1 to 4-9, the groups represented by Y, to Y
may be each independently selected from a hydrogen atom, a
phenyl group, a naphthyl group, a pyridyl group, a pyrimidyl
group, and a triazinyl group; and * is a bonding site to a
nitrogen atom of Formula 1.

For example, in Formula 2, a group represented by Ar; may
be selected from 1) a pyridyl group, a pyrimidyl group, and a
triazinyl group; ii) a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a phenyl group, a naphthyl group, a pyridyl group, a
pyrimidyl group, and a triazinyl group; iii) a phenyl group, a
naphthyl group, a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a pyridyl group, a pyrimidyl group, and a triazinyl
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group; and iv) a pyridyl group, a pyrimidyl group, and a
triazinyl group, each of which may be substituted with at least
one of a phenyl group, a naphthyl group, a pyridyl group, a
pyrimidyl group, and a triazinyl group, each of which may be
substituted with at least one of a phenyl group, a naphthyl
group, a pyridyl group, a pyrimidyl group, and a triazinyl
group, but is not limited thereto.
As another example, in Formula 2, the group represented
by Ar; may be represented by any one of Formulae 4-1 to 4-6,
but is not limited thereto:

41
Y, Y, Ys Y
Y3 Yy Y
42
Y Y Ys Y
N
Y3 Ys Yg
43
Y, Y, Ys
N—
N
Y3 Yy Y,
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Y
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In Formulae 4-1 to 4-6, the groups represented by Y, to Y,
may be each independently selected from a hydrogen atom, a
phenyl group, a naphthyl group, a pyridyl group, a pyrimidyl
group, and a triazinyl group; and * is a bonding site to a
nitrogen atom of Formula 1.

In an embodiment, the first electron-transporting material
and the second electron-transporting material may be each
independently selected from Compounds 1 to 15:

<Compound 1>

7\
/_\

<Compound 2>

N

%
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<Compound 3>

<Compound 4>

<Compound 5>

<Compound 6>
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<Compound 7>

<Compound 8>

<Compound 9>

<Compound 10>
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<Compound 11>

<Compound 12>

<Compound 13>

<Compound 14>
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60

<Compound 15>

N@

In another embodiment, 1) the first electron-transporting
material is at least one amine-based compound represented
by Formula 1 and the second electron-transporting material is
at least one amine-based compound represented by Formula
1; ii) the first electron-transporting material is at least one
amine-based compound represented by Formula 1 and the
second electron-transporting material is one anthracene-
based compound represented by Formula 2; or iii) the first
electron-transporting material is at least one anthracene-
based compound represented by Formula 2 and the second
electron-transporting material is an anthracene-based com-
pound represented by Formula 2. The first electron-transport-
ing material and the second electron-transporting material
may be different.

In another embodiment, 1) the first electron-transporting
material and the second electron-transporting material are
each independently at least one selected from Compounds 1
to 5; i) the first electron-transporting material is at least one
selected from Compounds 1 to 5 and the second electron-
transporting material is at least one selected from Compounds
6 to 10; the first electron-transporting material is at least one
selected from Compounds 1 to 5 and the second electron-
transporting material is at least one selected from Compounds
11 to 15; iv) the first electron-transporting material and the
second electron-transporting material are each independently
at least one selected from Compounds 6 to 10; v) the first
electron-transporting material is at least one selected from
Compounds 6 to 10 and the second electron-transporting
material is at least one selected from Compounds 11 to 15; y1)
the first electron-transporting material and the second elec-
tron-transporting material are each independently at least one
selected from Compounds 11 to 15; and the first electron-
transporting material and the second electron-transporting
material may be different.

The ETL 134 may include just the first electron-transport-
ing material and the second electron-transporting material,
but it is not limited thereto. The ETL 134 may further include
a known -electron-transporting material. Non-limiting
examples of known electron-transporting materials include
quinoline derivatives such as tris(8-quinolinolate)aluminum
(Alg;), TAZ, BAlg, beryllium bis(benzoquinolin-10-olate)
(Bebqs,), 9,10-di(naphthalene-2-yl)anthracene (ADN), Com-
pound 201, and Compound 202.
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<Compound 202>

BCP

In some embodiments, the ETL 134 may further include a
known metal-containing material.

The metal-containing material may include an Li complex.
Non-limiting examples of the [.i complex are lithium quino-
late (LLiQ) and Compound 203.

<Compound 203>

A thickness of the ETL 134 may be from about 100 A to
about 1,000 A, and in some embodiments, may be from about
150 A to about 500 A. When the thickness of the ETL 134 is
within these ranges, the ETL 134 may have satisfactory elec-
tron-transporting ability without a substantial increase in
driving voltage. The EIL 135, which has a function of facili-
tating an injection of electrons from the cathode, may be
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layered on the ETL 134. Any suitable electron-injecting
material may be used to form the EIL 135.

As the EIL-forming materials, known EIL-forming mate-
rials such as LiF, NaCl, CsF, Li,0, and BaO may be used. The
deposition and coating conditions for forming the EIL 135
may be similar to those for the formation of the HIL 131,
though the deposition and coating conditions may vary
according to the compound that is used to form the EIL 135.
A thickness of the EIL 135 may be from about 1 A to about
100 A, and in some embodiments, may be from about 3 A to
about 90 A. When the thickness of the EIL. 135 is within these
ranges, the EIL 135 may have satisfactory electron-injecting
ability without a substantial increase in driving voltage.

The second electrode 140 is disposed on the organic layer
130. The second electrode 140 may be a cathode that is an
electron-injecting electrode, wherein a material for forming
the second electrode 140 may be a metal, an alloy, or an
electro-conductive compound, which have a low work func-
tion, or a mixture thereof. In this regard, the second electrode
140 may be formed of lithium (Li), magnesium (Mg), alumi-
num (Al), aluminum lithium (Al—L1), calcium (Ca), magne-
sium-indium (Mg—In), magnesium-silver (Mg—Ag), or the
like, and may be formed as a thin film type transmission
electrode. In some embodiments, to manufacture a top-emis-
sion light-emitting device, the transmission electrode may be
formed of indium tin oxide (ITO) or indium zinc oxide (IZO).

The organic light-emitting device 100 has been described
with reference to FIG. 1, but the organic light-emitting device
100 is not limited thereto.

When a phosphorescent dopant is used in the EML 133, a
hole-blocking layer (HBL) may be formed between the HTL
132 and EML 133 or the H-functional layer and EML 133 by
using vacuum deposition, spin coating, casting, LB deposi-
tion, or the like, in order to prevent diffusion of triplet excitons
or holes into the ETL 134. When the HBL is formed using
vacuum deposition or spin coating, the conditions for depo-
sition and coating may be similar to those for the formation of
the HIL 131, although the conditions for deposition and coat-
ing may vary according to the material that is used to form the
HBL. A known hole-blocking material may be used, and
non-limiting examples of the known hole-blocking material
include oxadiazole derivatives, triazole derivatives, and
phenanthroline derivatives. In some embodiments, BCP
shown may be used as a hole-blocking material.

BCP

A thickness of the HBL may be about 20 A to about 1000
A, and in some embodiments, may be about 30 A to about 300
A. When the thickness of the HBL is within these ranges, the
HBL may have improved hole blocking ability without a
substantial increase in driving voltage.

An organic light-emitting device according to an embodi-
ment of the present disclosure is described with reference to
Synthesis Examples and Examples, but the present disclosure
is not limited to the Synthesis Examples and Examples. As
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used herein, specific examples of an unsubstituted C,-Cg,
alkyl group (or the C,-C, alkyl group) include a linear or a
branched C,-Cq, alkyl group such as methyl, ethyl, propyl,
iso-butyl, sec-butyl, pentyl, iso-amyl, and hexyl, and a sub-
stituted C, -Cg, alkyl group is the unsubstituted C,-C, alkyl
group, wherein one or more of a hydrogen atoms of the
unsubstituted C,-C, alkyl group may be substituted with a
deuterium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine, hydrazone, a carboxyl acid group or a salt thereof,
asulfonic acid group or a salt thereof, phosphoric acid ora salt
thereof, a C,-Cq, alkyl group, a C,-Cg, fluoroalkyl group, a
C,-Cq, alkenyl group, a C,-Cg, alkynyl group, a C,-Cg,
alkoxy group, a C;-C,, cycloalkyl group, a C,-C, , cycloalk-
enyl group, a C;-C,, heterocycloalkyl group, a C5-C,, het-
erocycloalkenyl group, a C4-C, aryl group, a C,-C aryloxy
group, a C4-Cy, arylthio group, a C,-Cg, heteroaryl group,
—N(Q,1)(Q2). and —Si(Q,5)(Q,4)(Q15). Qy; to Q5 may
each be independently selected from a hydrogen atom, a
C,-Cq, alkyl group, a C,-C, alkenyl group, a C,-Cg, alkynyl
group, a C,-C, aryl group, and a C,-C, heteroaryl group.

An unsubstituted C,-Cg, alkoxy group (or the C,-Cq,
alkoxy group) has a formula of —OA (wherein, A is the
unsubstituted C,-Cg, alkyl group as described herein), and
specific examples of the unsubstituted C,-C, alkoxy group
include methoxy, ethoxy, and iso-propoxy, and at least one a
hydrogen atom of the alkoxy groups may be substituted with
the substituents described above in conjunction with the sub-
stituted C,-Cg, alkyl group.

An unsubstituted C,-C, aryl group is a monovalent group
having a carbocyclic aromatic system having 6 to 60 carbon
atoms including at least one aromatic ring, and an unsubsti-
tuted C,-Cg, arylene group is a divalent group having a car-
bocyclic aromatic system having 6 to 60 carbon atoms includ-
ing at least one aromatic ring. When the unsubstituted C;-Cy,
aryl group and the unsubstituted C,-Cg4, arylene group
include at least two rings, two or more rings may be fused to
each other. At least one of a hydrogen atom of the unsubsti-
tuted C-Cgy aryl group and the unsubstituted C4-C arylene
group may be substituted with those substituents described
above in conjunction with the substituted C, -Cg, alkyl group.

Examples of a substituted or unsubstituted C,-Cg, aryl
group include a phenyl group, a C,-C,, alkyl phenyl group
(for example, an ethyl phenyl group), a C, -C, , alkyl biphenyl
group (for example, an ethyl biphenyl group), a halophenyl
group (for example, an 0-, m-, and p-fluorophenyl group and
a dichlorophenyl group), a dicyanophenyl group, a trifluo-
romethoxy phenyl group, an o-, m-, and p-tolyl group, an o-,
m-, and p-cumenyl group, a mesityl group, a phenoxy phenyl
group, an (c,a-dimethyl benzene)phenyl group, an (N,N'-
dimethyl)aminophenyl group, an (N,N'-diphenyl)aminophe-
nyl group, a pentalenyl group, an indenyl group, a naphthyl
group, a halonaphthyl group (for example, a fluoronaphthyl
group), a C,-C, , alkyl naphthyl group (for example, a methyl
naphthyl group), a C,-C,, alkoxy naphthyl group (for
example, a methoxy naphthyl group), an anthracenyl group,
an azulenyl group, a heptalenyl group, an acenaphthylenyl
group, a phenalenyl group, a fluorenyl group, an
anthraquinolyl group, a methyl anthryl group, a phenanthryl
group, a triphenylenyl group, a pyrenyl group, a chrysenyl
group, an ethyl-chrysenyl group, a picenyl group, a perylenyl
group, a chloroperylenyl group, a pentaphenyl group, a pen-
tacenyl group, a tetraphenylenyl group, a hexaphenyl group,
a hexacenyl group, a rubicenyl group, a coroneryl group, a
trinaphthylenyl group, a heptaphenyl group, a heptacenyl
group, a pyranthrenyl group, an ovalenyl group, and a spiro-
fluorenyl group, and examples of the substituted C4-Cg, aryl
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group may be inferred based on the examples of the unsub-
stituted C4-Cg, aryl group and the substituents described
above in conjunction with the substituted C, -Cg,, alkyl group.
Examples of the substituted or unsubstituted C,-Cg, arylene
group may be inferred based on the examples of the substi-
tuted or unsubstituted C4-Cg, aryl group.

An unsubstituted C,-Cg,, heteroaryl group is a monovalent
group having a system formed of at least one aromatic ring
that includes at least one heteroatom selected from N, O, P,
and S as ring-forming atoms and carbon atoms as other ring
atoms, and an unsubstituted C,-C,, heteroarylene group is a
divalent group having a system formed of at least one aro-
matic ring that includes at least one heteroatom selected from
N, O, P, and S as ring-forming atoms and carbon atoms as
other ring atoms. When the unsubstituted C,-C, heteroaryl
group and the unsubstituted C,-Cg, heteroarylene group
include two or more rings, the two or more rings may be fused
to each other. At least one hydrogen atom of the unsubstituted
C,-Cg, heteroaryl group and the unsubstituted C,-Cg, het-
eroarylene group may be substituted with those substituents
described above in conjunction with the substituted C,-Cy,,
alkyl group.

Examples of the unsubstituted C,-C,, heteroaryl group
include a pyrazolyl group, an imidazolyl group, an oxazolyl
group, a thiazolyl group, a triazolyl group, a tetrazolyl group,
an oxadiazolyl group, a pyridinyl group, a pyridazinyl group,
apyrimidinyl group, a triazinyl group, a carbazolyl group, an
indolyl group, a quinolinyl group, an isoquinolinyl group, a
benzoimidazolyl group, an imidazopyridinyl group, an imi-
dazopyrimidinyl group, a furanyl group, a thiophenyl group,
a benzofuranyl group, a benzothiophenyl group, a dibenzo-
furanyl group, and a dibenzothiophenyl group. Examples of
the unsubstituted C,-Cg, heteroarylene group may be
inferred based on the examples of a substituted or unsubsti-
tuted C,-Cg, arylene group.

The following Examples and Comparative Examples are
provided in order to highlight characteristics of one or more
embodiments, but it will be understood that the Examples and
Comparative Examples are not to be construed as limiting the
scope of the embodiments, nor are the Comparative
Examples to be construed as being outside the scope of the
embodiments. Further, it will be understood that the embodi-
ments are not limited to the particular details described in the
Examples and Comparative Examples.

Synthesis Example 1

Synthesis of Compound 10

O v
o

Br O

Pd(PPh3)s, KoCO3
—_—_—
THF/H,0
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Synthesis of Intermediate I-1

9.0 g(23.6 mmol) of Compound A was dissolved in 100 ml
of THF and then 10 mL (25.0 mmol, 2.5M in Hexane) of
n-Bul.i was slowly drop-wise added at a temperature of —78°
C. After stirring at a temperature of -78° C. for 1 hour, 9.3 mLL
(50.0 mmol) of 2-isopropoxy (-4,4,5,5,-tetramethyl-1,3,2-
dioxaborane) was slowly drop-wise added to prepare a reac-
tion solution. The reaction mixture was stirred at a tempera-
ture of —=78° C. for 1 hour and then additionally stirred at room
temperature for 24 hours. After the reaction was completed,
50 mL of 10% of HCI aqueous solution and 50 mL of H,O
were added thereto and then extracted 3 times with 80 mL of
diethylether to collect an organic layer. The collected organic
layer was dried with magnesium sulfate and then a solvent
was evaporated therefrom to obtain residues, which were then
isolated and purified using a silica gel column chromatogra-
phy to obtain 9.34 g (yield 92%) Intermediate I-1. The com-
pound produced was observed through LC-MS.

C;H,,BO,: calc. 430.21. found 430.25.

Pd(PPh3)4, KoCO3
+ Br ] —m
THF/H,O

10
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Synthesis of Compound 10

8.60 g (20.0 mmol) of Intermediate I-1,7.18 g (20.0 mmol)
of'4'-bromo-4-iodobenzene, 1.15 g (1.0 mmol) of Pd(PPh,).,,
and 8.29 g (60.0 mmol) of K,CO; were dissolved in 50 mL of
a mixture solution of THF/H,O (2/1) to prepare a reaction
solution, which was then stirred at a temperature of 70° C. for
5 hours. After the reaction was completed, the reaction mix-
ture was cooled to room temperature, then the reaction solu-
tion was extracted three times with 50 mL of water and 50 mL.
of diethylether to collect an organic layer. The collected
organic layer was dried with magnesium sulfate and a solvent
was evaporated therefrom to obtain residues, which were then
isolated and purified by using a silica gel column chromatog-
raphy to obtain 8.56 g (yield 80%) of Intermediate I-2.

5.34 g (10.0 mmol) of Intermediate [-2,2.96 g (12.0 mmol)
of Intermediate 1-3, 0.18 g (0.2 mmol) of Pd,(dba);, 0.04 g
(0.4 mmol) of PtBu,, and 1.44 g (15.0 mmol) of NaOtBu were
dissolved in 50 mL of toluene to prepare a reaction solution,
which was then refluxed for 3 hours. After the reaction was
completed, the reaction solution was cooled to room tempera-
ture, the reaction solution was extracted three times with 40
ml of water and 40 mL of diethylether to collect an organic
layer. The collected organic layer was dried with magnesium
sulfate and a solvent was evaporated therefrom to obtain
residues, which were then isolated and purified using a silica
gel column chromatography to obtain 5.96 g (yield 85%) of
Compound 10. The compound produced was observed
through MS-FAB and 'H NMR.

Cs,H;5N;: cale. 701.28. found 701.30.

'H NMR (CDCls, 400 MHz) 8 (ppm) 8.48-8.45 (m, 2H),
7.94-7.90 (m, 1H), 7.83-7.77 (m, 5H), 7.74-7.65 (m, 5H),
7.55-7.52 (m, 1H), 7.48-7.44 (m, 4H), 7.38-7.25 (m, 7H),
7.09-7.05 (m, 2H), 6.98-6.91 (m, 3H), 6.86-6.82 (m, 2H),
6.66-6.63 (m, 1H), 6.23-6.19 (m, 2H)

Synthesis Example 2

Synthesis of Compound 1

()
DalaUals
DR

/ N\

5.67 g (yield 81%) of Compound 1 was obtained by using
the same method as in Compound 10 except for using Inter-
mediate [-4 instead of Intermediate 1-3. The compound pro-
duced was observed through MS-FAB and 'H NMR.
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<Intermediate I-4>

L4

\

/

N

Cs3H;6N,: cale. 700.29. found 700.30.

'"HNMR (CDCl;, 400 MHz) d (ppm) 8.74 (dd, 1H), 8.51-
8.48 (m, 1H), 7.94-7.90 (m, 1H), 7.83-7.77 (m, 5H), 7.74-
7.65 (m, 6H), 7.55-7.52 (m, 1H), 7.48-7.44 (m, 4H), 7.38-
7.25 (m, 7H), 7.09-7.05 (m, 2H), 6.98-6.91 (m, 3H), 6.86-
6.82 (m, 2H), 6.66-6.63 (m, 1H), 6.23-6.19 (m, 2H)

Example 1

As a substrate and an anode, a Corning 15 Q/cm? (1200 A)
ITO glass substrate was cut into a size of 50 mmx50 mmx0.7
mm, and then ultrasonically washed using isopropyl alcohol
and ultrapure water for 5 minutes, followed by irradiation of
UV and exposure to ozone for cleaning for about 30 minutes.
The glass substrate was then loaded onto a vacuum deposition
device.

4.4' 4"-tris(2-naphthyl(phenyl)amino)triphenylamine
(2-TNATA) was vacuum deposited on an I'TO layer, which is
an anode, to form an HIL having a thickness of 600 A, and
4,4'-bis|N-(1-naphthyl)-N-phenylamino|biphenyl (hereinat-
ter, NPB) was deposited on the HIL in a thickness of 300 A to
form an HTL.

9,10-di(naphthalene-2-yl)anthracene (hereinafter, ADN)
was vacuum deposited on the HTL to form an EML having a
thickness of 400 A.

Then, Compound 1 (ETL1 material), Compound 15 (ETL2
material), and LiQ (EIL material) were vacuum co-deposited
on the EML in a weight ratio of 25:25:50 to form an ETL
having a thickness of 300 A, then LiF was deposited on the
ETL to form an EIL having a thickness of 10 A, and then Al
was deposited on the EIL to form a second electrode (cath-
ode) having a thickness of 1100 A to manufacture an organic
light-emitting device.

Z

ada

<2-TNATA>
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C g . . >
<NPB>

Example 2

An organic light-emitting device was manufactured in the
same manner as in Example 1 except for vacuum co-depos-
iting Compound 1 (ETL1 material) and Compound 15 (ETL2
material) and LiQ (EIL material) in a weight ratio 0f25:25:50
instead of vacuum co-depositing Compound 1 (ETL1 mate-
rial), Compound 15 (ETL2 material), and LiQ (EIL material)
in a weight ratio of 15:15:70 when forming an HTL.

Comparative Example 1

An organic light-emitting device was manufactured in the
same manner as in Example 1 except for vacuum co-depos-
iting Compound 1 (ETL1 material) and LiQ (EIL material) in
aweight ratio 0f40:60 instead of vacuum co-depositing Com-
pound 1 (ETL1 material), Compound 15 (ETL2 material),
and LiQ (EIL material) in a weight ratio of 25:25:50 when
forming an HTL.

Comparative Example 2
An organic light-emitting device was manufactured in the

same manner as in Example 1 except for depositing only
Compound 1 (ETL1 material) when forming an HTL.

Comparative Example 3

An organic light-emitting device was manufactured in the
same manner as in Example 1 except for vacuum co-depos-
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iting Compound 201 and Compound LiQ (EIL material) in a

weight ratio of 40:60 to form an HTL having a thickness of
360 A when forming an HTL.

<Compound 201>

Evaluation Example

Driving voltage, current density, efficiency, and color
purity of organic light-emitting devices of Examples 1 and 2,
and Comparative Examples 1 and 2 were measured and evalu-
ated by supplying power from a current voltmeter (Keithley
SMU 236) and using a spectrophotometer, PR650 Spectros-
can Source Measurement Unit (available from PhotoRe-
search). Results are shown in Table 1 (T95 lifespan is time
taken until brightness is reduced to 95% when an initial
brightness measured under a current condition of 10 mA/cm?
is 100%)

TABLE 1
Driving  Current Color T95
ETL material voltage  demsity  efficiency coordinates lifespan
(weight ratio) V) (mA/em?®)  (cd/A) CIE x CIEy  [hr]
Examplel  ETLI:ETL2:EIL = 3.8 9.5 6.1 0.136 0.055 200
25:25:50
Example 2  ETLI:ETL2:EIL = 3.7 10.5 5.8 0.138 0.057 92
15:15:70
Comparative ETLI1:EIL = 40:60 3.8 11.1 5.5 0.140 0.041 40
Example 1
Comparative ETL1 = 100 3.6 11.9 6 0.138 0.055 10
Example 2
Comparative Compound 3.8 8.5 5 0.141 0.05 55
Example 3 201:LiQ = 40:60
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Referring to Table 1, the organic light-emitting devices of
Examples 1 and 2 have a long lifespan without increasing
driving voltage and decreasing efficiency compared to the
organic light-emitting devices of Comparative Examples 1 to
3.

The organic light-emitting device may have low driving
voltage, high efficiency, as well as a long lifespan.

While the present disclosure has been particularly shown
and described with reference to exemplary embodiments
thereof, it will be understood by those of ordinary skill in the
art that various changes in form and details may be made
therein without departing from the spirit and scope of the
present disclosure as defined by the following claims.

Example embodiments have been disclosed herein, and
although specific terms are employed, they are used and are to
be interpreted in a generic and descriptive sense only and not
for purpose of limitation. In some instances, as would be
apparent to one of ordinary skill in the art as of the filing of the
present application, features, characteristics, and/or elements
described in connection with a particular embodiment may be
used singly or in combination with features, characteristics,
and/or elements described in connection with other embodi-
ments unless otherwise specifically indicated. Accordingly, it
will be understood by those of skill in the art that various
changes in form and details may be made without departing
from the spirit and scope of the present disclosure as set forth
in the following claims.

What is claimed is:

1. An organic light-emitting device, comprising:

a first electrode;

a second electrode disposed opposite to the first electrode;

an emission layer disposed between the first electrode and
the second electrode; and

an electron-transporting layer disposed between the emis-
sion layer and the second electrode; wherein

the electron-transporting layer includes a first electron-
transporting material and a second electron-transporting
material; and

a lowest unoccupied molecular orbital (LUMO) energy
level of'the first electron-transporting material (EL, ) and
a lowest unoccupied molecular orbital (LUMO) energy
level of the second electron-transporting material (EL,)
satisfy the equation 0.1 eV=|EL,-EL,I=<0.3 eV,

wherein the first electron-transporting material and the
second electron-transporting material are each indepen-
dently selected from an amine-based compound repre-
sented by Formula 1 and an anthracene-based com-
pound represented by Formula 2:

Q Ary
X N/
Vml™
\
X0

<Formula 1>
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-continued
<Formula 2>

wherein in Formulae 1 and 2,

groups represented by X, and X, are each independently
selected from a substituted or unsubstituted C,-Cg
arylene group and a substituted or unsubstituted C,-Cg,
heteroarylene group;

ml and m2 are each independently an integer of 0 to 5;

groups represented by Ar, and Ar, are each independently
selected from a substituted or unsubstituted C4,-Cg, aryl
group and a substituted or unsubstituted C,-Cg, het-
eroaryl group; wherein

at least one of the groups represented by Ar; and Ar, is
selected from 1) a pyridyl group, a pyrimidyl group, and
atriazinyl group, ii) a pyridyl group, a pyrimidyl group,
and a triazinyl group each substituted with at least one of
a C4-Cy, aryl group and a C,-Cg, heteroaryl group; iii) a
Cs-Cg, aryl group and a C,-Cg, heteroaryl group each
substituted with at least one of a pyridyl group, a pyrim-
idyl group, and a triazinyl group; and iv) a pyridyl group,
apyrimidyl group, and a triazinyl group each substituted
with at least one of a C4-C, aryl group and a C,-C,
heteroaryl group, which are each substituted with at least
one of a C4-Cqy aryl group and a C,-Cg, heteroaryl
group; and

a group represented by Ar; is selected from 1) a pyridyl
group, a pyrimidyl group, and a triazinyl group, ii) a
pyridyl group, a pyrimidyl group, and a triazinyl group
each substituted with at least one of a C4-Cg, aryl group
and a C,-C, heteroaryl group; iii) a C;-Cg, aryl group
and a C,-Cg, heteroaryl group each substituted with at
least one of a pyridyl group, a pyrimidyl group, and a
triazinyl group; and iv) a pyridyl group, a pyrimidyl
group, and a triazinyl group each substituted with at least
one of a C4-C, aryl group and a C,-Cg, heteroaryl
group, which are each substituted with at least one of a
Cs-Cg, aryl group and a C,-C, heteroaryl group.

2. The organic light-emitting device as claimed in claim 1,

wherein

a highest occupied molecular orbital (HOMO) energy level
of the first electron-transporting material (EH, ) and the
lowest unoccupied molecular orbital (LUMO) energy
level of the first electron-transporting material (EL,)
satisfy the equation

2.7 eVs|EL,-EH, |32 eV; and

a highest occupied molecular orbital (HOMO) of the sec-
ond electron-transporting material (EH,) and the lowest
unoccupied molecular orbital (LUMO) energy level of
the second electron-transporting material (EL,) satisty
the equation,

2.7 eVs|EL,-EH,|<32 eV.
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3. The organic light-emitting device as claimed in claim 1,
wherein a molecular weight of the first electron-transporting
material (MW, ) and a molecular weight of the second elec-
tron-transporting material (MW,) satisfy the equation,
IMW,-MW,|=<30.

4. The organic light-emitting device as claimed in claim 1,
wherein both of the first electron-transporting material and
the second electron-transporting material are each non-metal-
atom-containing organic compounds.

5. The organic light-emitting device as claimed in claim 1,
wherein the first electron-transporting material and the sec-
ond electron-transporting material are each independently
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selected from a pyridine derivative, a pyrimidine derivative,
and a triazine derivative.

6. The organic light-emitting device as claimed in claim 1,
wherein:

the LUMO energy level of the EL, satisfies the equation 2.6

eV=IEL,1=2.9 eV; and

the LUMO energy level of the EL, satisfies the equation 2.7

eV=|EL,1=3.0 eV.

7. The organic light-emitting device as claimed in claim 1,
wherein the first electron-transporting material and the sec-
ond electron-transporting material are each independently
selected from Compounds 1 to 15:

<Compound 1>

%

<Compound 2>
/N

%

<Compound 3>

G070
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N

gfooq,
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<Compound 4>

<Compound 5>

<Compound 6>

<Compound 7>
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<Compound 8>

<Compound 9>

<Compound 10>

0800
Q

{2 N_\Q
OaVaVala®

<Compound 11>
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N
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<Compound 12>

<Compound 13>

<Compound 14>

<Compound 15>
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8. An organic light-emitting device, comprising:
a first electrode;
a second electrode disposed opposite to the first electrode;
an emission layer disposed between the first electrode and
the second electrode; and
an electron-transporting layer disposed between the emis-
sion layer and the second electrode, wherein
the electron-transporting layer includes a first electron-
transporting material and a second electron-transport-
ing material,
the first electron-transporting material and the second
electron-transporting material are each independently
selected from an amine-based compound represented
by Formula 1 and an anthracene-based compound
represented by Formula 2,
the first electron-transporting material and the second
electron-transporting material are different:

<Formula 1>

Q Ary
/
Xpm—N
Any
O O <Formula 2>

wherein Formulae 1 and 2, groups represented by X, and
X, are each independently selected from a substituted
or unsubstituted C,-C, arylene group and a substi-
tuted or unsubstituted C,-C, heteroarylene group;

ml and m2 are each independently an integer of O to 5;

groups represented by Ar, and Ar, are each indepen-
dently selected from a substituted or unsubstituted
C-Cg, aryl group and a substituted or unsubstituted
C,-Cg, heteroaryl group; wherein

at least one of the groups represented by Ar; and Ar, is
selected from 1) a pyridyl group, a pyrimidyl group,
and a triazinyl group, ii) a pyridyl group, a pyrimidyl
group, and a triazinyl group each substituted with at
least one of a C4-Cy, aryl group and a C,-Cg, het-
eroaryl group; iii) a C4-Cyq aryl group and a C,-Cg
heteroaryl group each substituted with at least one of
a pyridyl group, a pyrimidyl group, and a triazinyl
group; and iv) a pyridyl group, a pyrimidyl group, and
a triazinyl group each substituted with at least one of
a C4-Cy, aryl group and a C,-Cg, heteroaryl group,
which are each substituted with at least one of a
Cy-Cg aryl group and a C,-Cg, heteroaryl group; and

a group represented by Ar; is selected from 1) a pyridyl
group, a pyrimidyl group, and a triazinyl group, ii) a
pyridyl group, a pyrimidyl group, and a triazinyl
group each substituted with at least one of a C4-C,
aryl group and a C,-Cg4, heteroaryl group; iii) a
C-Cg aryl group and a C,-C g, heteroaryl group each
substituted with at least one of a pyridyl group, a
pyrimidyl group, and a triazinyl group; and iv) a

10

20

25

30

35

40

45

65

82
pyridyl group, a pyrimidyl group, and a triazinyl
group each substituted with at least one of a C4-C,
aryl group and a C,-Cg, heteroaryl group, which are
each substituted with at least one of a C4-Cqyy aryl
group and a C,-C, heteroaryl group.

9. The organic light-emitting device as claimed in claim 8,
wherein groups represented by X, and X, are each indepen-
dently selected from a substituted or unsubstituted a phe-
nylene group, a substituted or unsubstituted a naphthylene
group, a substituted or unsubstituted an anthrylene group, a
substituted or unsubstituted pyridinylene group, a substituted
or unsubstituted pyrimidinylene group, and a substituted or
unsubstituted triazolylene group.

10. The organic light-emitting device as claimed in claim 8,
wherein m1 and m2 are each independently an integer of 1 or
2.

11. The organic light-emitting device as claimed in claim 8,
wherein moieties represented by (X,),,; and (X,),,, are each
independently selected from Formulae 3-1 to 3-4:

3-1
Z, Z,
* AQi**
A Z4
3-2
Z, Z>
*&24
Z3 £
33
7, 7> Zs Zg
* **
73 Zy Zg 77
34
7, Z> Zs
N—
* Ex 3
\_/
N
73 o Z;

wherein groups represented by Z, to Zg are each indepen-
dently selected from a hydrogen atom; a deuterium
atom; —F; —Cl; —Br; —I; —CN; a hydroxyl group;
—NO,; a C,-C,, alkyl group; a C,-C,, alkoxy group; a
C,-C,, alkyl group and a C,-C,, alkoxy group each
substituted with at least one of a deuterium atom, —F,
—Cl,—Br, —I, —CN, ahydroxyl group, and —NO,; a
Cs-C, aryl group; a C,-C,, heteroaryl group; and a
Cs-C,, aryl group and a C,-C,, heteroaryl group each
substituted with at least one of a deuterium atom, —F,
—Cl, —Br, —I, —CN;, a hydroxyl group, —NO,, a
C,-C,, alkyl group, a C,-C,, alkoxy group, a C4-C,,
aryl group, and a C,-C,, heteroaryl group;

* is a bonding site to anthracene of Formulae 1 and 2; and

** is a bonding site to a nitrogen atom of Formula 1 or a
bonding site to a group represented by Ar; of Formula 2.
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12. The organic light-emitting device as claimed in claim 8,
wherein groups represented by Ar, and Ar, are each indepen-
dently represented by any one selected from Formulae 4-1 to
4-9, provided that at least one of groups represented by An
and Ar, is represented by any one of Formulae 4-1 to 4-6:

41
Y Y Ys Y
\_/
N
Y3 Y4 Ysg
42
Y, Y, Ys Ye¢
Y3 Ys Yg
43
Y Y Ys
N—
\_/
N
Ys Y, Y,
4-4
Y, Y3 Yq
N—
—~< .
N
Y, Yy Ye
45
Y, Y Ys
N=<
* N
\ _/
N
Y3 Yy Y
4-6
Y,
N:<
N Y,
Y Y;
Ys Y,
47
*
Ys v,
Y4 Y,

Y;
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48
Y7 Y>
Y Y;
Ys Y4
49
Y, Y,
Y¢ Y;
Ys Y4

wherein groups represented by Y, to Y, are each indepen-
dently selected from a hydrogen atom, a phenyl group, a
naphthyl group, a pyridyl group, a pyrimidyl group and
a triazinyl group; wherein

* is a bonding site to a nitrogen atom of Formula 1.

13. The organic light-emitting device as claimed in claim 8,
wherein a group represented by Ar; is selected from i) a
pyridyl group, a pyrimidyl group, and a triazinyl group; ii) a
pyridyl group, a pyrimidyl group, and a triazinyl group each
substituted with at least one of a phenyl group, a naphthyl
group, a pyridyl group, a pyrimidyl group, and a triazinyl
group; iii) a phenyl group, a naphthyl group, a pyridyl group,
apyrimidyl group, and a triazinyl group each substituted with
at least one of a pyridyl group, a pyrimidyl group, and a
triazinyl group; and iv) a pyridyl group, a pyrimidyl group,
and a triazinyl group each substituted with at least one of a
phenyl group, a naphthyl group, a pyridyl group, a pyrimidyl
group, and a triazinyl group, which are each substituted with
at least one of a phenyl group, a naphthyl group, a pyridyl
group, a pyrimidyl group, and a triazinyl group.

14. The organic light-emitting device as claimed in claim 8,
wherein a group represented by Ar; is represented by any one
of Formulae 4-1 to 4-6:

41
Y, Y, Ys Y
Y3 Yy Y

42
Yy Y Ys Y
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43 4.6
Ys Y,
N= N:<
v 5
\ / 6 * 4<\ N
N N / Y,
Y5
10 Y Ys,
44
Y; Y,
Y Y
Ys
15
Y, Ys wherein groups represented by Y, to Yy are each indepen-
dently selected from a hydrogen atom, a phenyl group, a
Y5 3 naphthyl group, a pyridyl group, a pyrimidyl group, and
N < 20 a triazinyl group; and * is a bonding site to a nitrogen
\ atom of Formula 1.
\ / 15. The organic light-emitting device as claimed in claim 8,
N wherein the first electron-transporting material and the sec-
Ys 25 ond electron-transporting material are each independently

selected from Compounds 1 to 15:

%

7N\

%

<Compound 1>

<Compound 2>
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OgOO
) )
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<Compound 3>

<Compound 4>

<Compound 5>

<Compound 6>
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:
s§ood,
B

N
N

3o0f
00
X8 %

<Compound 7>

<Compound 8>

<Compound 9>

<Compound 10>
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<Compound 11>

<Compound 12>

<Compound 13>

<Compound 14>
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16. The organic light-emitting device as claimed in claim 8,
wherein a lowest unoccupied molecular orbital energy level
(LUMO) of the first electron-transporting material (EL,) and
a lowest unoccupied molecular orbital (LUMO) energy level
ofthe second electron-transporting material (EL,) satisfy the
equation, 0.1 eVsIEL,-EL,I=0.3 eV.

17. The organic light-emitting device as claimed in claim
16, wherein:

the LUMO energy level of the EL, satisfies the equation 2.6
eVs=|EL,1=2.9 ¢V; and

the LUMO energy level of the EL, satisfies the equation 2.7
eV=lEL,1=3.0 eV.

18. The organic light-emitting device as claimed in claim 8,
wherein a highest occupied molecular orbital (HOMO)
energy level of the first electron-transporting material (EH,)
and a lowest unoccupied molecular orbital (LUMO) energy
level of the first electron-transporting material (EL,) satisfy
the equation, 2.7 eV=|EL,-EH,[=3.2 eV; and

ahighest occupied molecular orbital (HOMO) energy level
of'the second electron-transporting material (EH,) and a
lowest unoccupied molecular orbital (LUMO) of the
second electron-transporting material (EL,) satisfy 2.7
eV=|EL,-EH,|=<3.2 eV.

19. The organic light-emitting device as claimed in claim 8,

wherein:

i) the first electron-transporting material is at least one
selected from amine-based compounds represented by
Formula 1 and the second electron-transporting material
is atleast one selected from the amine-based compounds
represented by Formula 1;

ii) the first electron-transporting material is at least one
selected from the amine-based compounds represented
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<Compound 15>

by Formula 1 and the second electron-transporting
material is at least one selected from anthracene-based
compounds represented by Formula 2; or

iii) the first electron-transporting material is at least one
selected from the anthracene-based compounds repre-
sented by Formula 2 and the second electron-transport-
ing material is at least one selected from the anthracene-
based compounds represented by Formula 2.

20. The organic light-emitting device as claimed in claim 8,

wherein:

i) the first electron-transporting material and the second
electron-transporting material are each independently at
least one selected from Compounds 1 to 5;

ii) the first electron-transporting material is at least one
selected from Compounds 1 to 5 and the second elec-
tron-transporting material is at least one selected from
Compounds 6 to 10;

iii) the first electron-transporting material is at least one
selected from Compounds 1 to 5 and the second elec-
tron-transporting material is at least one selected from
Compounds 11 to 15;

iv) the first electron-transporting material and the second
electron-transporting material are each independently at
least one selected from Compounds 6 to 10;

v) the first electron-transporting material is at least one
selected from Compounds 6 to 10 and the second elec-
tron-transporting material is at least one selected from
Compounds 11 to 15; or

vi) the first electron-transporting material and the second
electron-transporting material are each independently at
least one selected from Compounds 11 to 15,

<Compound 1>

/
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<Compound 2>

<Compound 3>

<Compound 4>

<Compound 5>
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<Compound 6>

<Compound 7>

<Compound 8>

<Compound 9>
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<Compound 10>

<Compound 11>

<Compound 12>

<Compound 13>
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<Compound 14>

<Compound 15>



